Abstract⎯A relatively small number of revolutionary materials have been discovered in the field of physical metallurgy and metal physics in the last several decades, and bulk metallic glasses are among them. Their strength and hardness are considerably higher and their modulus of normal elasticity is considerably lower than that of crystalline alloys, which leads to large stored elastic strain energy. These materials also have very good corrosion resistance. In this article, we present the properties of bulk metallic glasses, in particular, thermal, mechanical, magnetic, and electrical properties, corrosion resistance, as well as the application fields of these alloys.
INTRODUCTION
Metallic glasses, which are fabricated in the form of thin scales or ribbons, have been known since the second half of the last century [1] . Bulk metallic glasses (BMGs) with a minimal size on the order of 10 0 -10 2 mm in each of three spatial dimensions [2] were initially obtained in Pd-Cu-Si and Pd-Ni-P systems; however, in view of the exclusively high cost of the main component (palladium), they were not of special interest for scientists and engineers. Later, BMGs prepared in many other systems, including those important in technology, notably, based on Fe, Mg, Ti, etc. [3, 4] , had become the focus of attention of physical metallurgists and physicists in many countries, including Russia. In this article, which is the logical continuation of [2] , we consider the main properties of BMGs, two-phase materials based on them (of the metallic glass/crystal type), and their application fields.
GENERAL PHYSICAL PROPERTIES Physical and chemical properties of bulk metallic glasses substantially differ from alloys of the same composition, but in the crystalline state [1] . These materials possess the lower density than crystalline alloys, approximately by 0.5-1.0%. Nevertheless, the BMG density is very close to their density in the crystalline state, which indicates the formation of the densely packed atomic structure, as it was noted in the previous reference work on the BMG formation and structure [2] .
They also possess higher strength, the values of which exceed the strength of corresponding crystalline alloys approximately twofold (for example, Ti-based BMGs have an ultimate strength of about 2.2 GPa, while for crystalline titanium alloys, it is only 1.1-1.3 GPa) [3, 4] . Herewith, the melt viscosity upon cooling to the glass-transition temperature [5] varies from ~10 -3 to 10 12 Pa s. The structural relaxation [6, 7] upon heating to the vitrification/devitrification temperature leads to an increase in density and viscosity of metallic glass [8] , its embrittlement (with certain exclusions [9] ), and to a variation in many other properties.
The thermal expansion coefficient (TEC) of BMGs is close to that for the corresponding crystalline structures forming during the crystallization. It is about 1.5 × 10 -5 K -1 for palladium-based and zirconium-based alloys and exceeds it for alloys with a lower liquidus temperature, for example, for magnesium-based alloys.
Due to their noncrystalline structure, bulk metallic glasses possess considerably higher resistivity (~1-3 μΩ m) than crystalline alloys. Typical values of electrical conductivity (AE) [10] [11] [12] are shown in Table 1 . Most BMGs show a moderately negative temperature dependence of electrical conductivity, although they have a metallic-type bond. Nevertheless, it was shown that the temperature coefficient of resistivity of Pd 40 Ni 40 -x Cu x P 20 glassy alloys changes from negative to positive upon an increase in the Cu content [13] . Room-temperature values of thermal diffusivity (a) and thermal conductivity (λ) of BMGs are also presented in Table 1 .
The room-temperature specific heat (C p ) of metallic glasses is close to that for crystalline alloys (~3R, where R is the universal gas constant, J/(mol K)) and increases with an increase in temperature [14, 15] . However, this is accompanied by heat evolution because of the structural relaxation of glass, which affects the results of measurements (Fig. 1a) . In order to reduce the kinetic effects associated with the structural relaxation upon the continuous heating to minimum [16, 17] , it is better to evaluate the temperature dependence of heat capacity in the step-by-step mode with the presence of isothermal holdings to eliminate the influence of the structural relaxation heat. Figure 1a shows the temperature dependence of C p of the Zr 55 Cu 30 Al 10 Ni 5 alloy with a constant heating rate measured in a differential scanning calorimeter (DSC) v = 0.67 K/s (40 K/min). The initial value of heat capacity of the alloy in the glassy state is somewhat lower than 25 J/(mol K) and increases more or less monotonically with temperature. In the liquid state of the material, the curve slope changes radically starting approximately from 670 K, while C p reaches the maximum (38 J/(mol K)) at about 700 K. The supercooled liquid crystallizes with the formation of crystalline phases with subsequent heating, and its specific heat becomes close to that for the glassy phase.
In contrast with the curves recorded under continuous heating, the line under the step-by-step scanning changes the slope angle several times, which is seen in Fig. 1b . We can pick out several breaking points in the curve, which can be denoted as the inflection points T g,s-1 , T g,s-2 , T g,s-av (as average one), and T g,f -the temperatures of devitrification onset and completion upon heating, respectively. The occurrence of at least two points of variation in the curve slope in the vitrification range between T g,s and T g,f points to two processes occurring in glass in the vitrification/devitrification range.
We can also denote the instability range of C p in Fig. 1b at T = 600-640 K. This can indicate the onset of the loss of the excess volume during the structural relaxation, which leads to the densification of glass. The authors of [18] noted a considerable decrease in the volume of Zr-based alloys in the mentioned temperature range. 
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It is known that there are certain problems in getting the clear knowledge on the nature of the vitrification phenomenon, especially for metallic liquids. It is shown in Fig. 1b that the presence of at least two variation regions of C p in the vitrification region is possibly It is known that the diffusion mechanism of the atomic cooperative shift operates by several orders of magnitude more slowly at low temperatures, and therefore the atoms move preferentially due to separate hops. At higher temperatures, the collective diffusion velocity of atoms (initially nickel and, probably, copper) becomes comparable with that for unit atoms [19] . This phenomenon is explained by the fact that, for example, nickel has considerably higher diffusivity in Zr (D ~ 10 -18 m 2 /s) at T = 650 K than aluminum (D~ 5 × 10 -20 m 2 /s) and, consequently, the collective shift time for Ni atoms becomes comparable with the diffusion time of separate atoms. The diffusion-path length can be determined according to the formula L = 2 (where t is time). Thus, the diffusion path length for 100 s at T = 650 K equals 60 nm, which is about 200 interatomic distances for Ni, while L = 4 nm for Al, or about 10 interatomic distances.
Based on the above calculations, the value of 650 K can be considered a temperature of "freezing" (during cooling) for Ni atoms (and, possibly, also for Cu, since both these metals are very similar by many characteristics), while the Al atoms become mobile only at T > 670 K when the magnitude of D is about 10 -18 m 2 /s [20] . The author of [21] also proposed that the vitrification in a multicomponent system proceeds nonuniformly but gradually in a temperature range near the vitrification range, which reflects the structural nonuniformity at the atomic level.
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MECHANICAL PROPERTIES
Room-Temperature BMG Mechanical Properties
The atomic structure of glasses determines their properties, in particular, mechanical ones, by the magnitude of which, for example, strength, they considerably exceed the crystalline alloys. The conditional yield stress (σ 0.2 ) for Cu-based, Ti-based, and Zrbased BMGs reaches ~2 GPa; for Ni-based BMGs 3 GPa, for Fe-based BMGs ~4 GPa, for Fe and Cobased BMGs ~5 GPa, and for BMGs based on the Co-Ta-B alloys ~6 GPa. Metallic glasses possess not only large strength, but also high hardness, wear resistance, and elastic deformation (ε) up to 2% (which in combination with an increased yield stress lead to high stored elastic strain energy (W = Eε 2 /2 = σ 0.2 /2E). However, the absence of conventional mechanisms of plastic deformation, for example, dislocation or twintype ones, which are inherent to crystalline alloys, determines the low plasticity of amorphous alloys [22] .
Herewith, metallic glasses are still not as brittle as oxide ones, and in general they occupy an intermediate place by the value of fracture toughness between ceramics and crystalline alloys. Moreover, it should be noted that recently produced BMG alloys Zr 61 Ti 2 Cu 25 Al 12 [23] and Pd 79 Ag 3.5 P 6 Si 9.5 Ge [24] possess a record-high fracture toughness of about 100 MPa Inelastic uniform strain in an amorphous matrix after release of elastic [25] and plastic [26, 27] strains was also found.
The plastic deformation of BMG at a relatively low homological temperature occurs by means of propagation of shear bands 10-20 nm wide [28] , which typically form steps on the sample surface to several micrometers in height [29] and even more. In earlier works [30, 31] , the concept of the local shear strain mechanism in small volumes was proposed as the main microscopic plasticity mechanism in BMGs. Nevertheless, many of them are fractured before the onset of macroplastic deformation with the formation of one shear band. This phenomenon occurs because of sample softening in local shear bands and further strain localization, in contrast with crystalline alloys, in which deformation hardening leads to macroscopically more uniform deformation. However, if several shear bands are nucleated with the alternate deformation localization in each of them, then the macroscopically uniform sample deformation can occur for a certain period (first deformation stage, Fig. 2a ), which is preferential for obtaining more plastic BMGs [32] . In connection with this fact, the investigation into the nucleation of shear bands in BMG (which is poorly known, although there are certain successes [33] ) and their propagation is of great interest.
In the course of room-temperature compression tests at relatively low strain rates, BMG samples with a relatively high plasticity manifest the curves of "serrated" f low with alternating load relaxations ("serrated" flow disappears at high strain rates), but m. 
approximately constant maximal true deformation stress (σ) at the initial stage ( Fig. 3) , as well as with the approximately macroscopically uniform sample deformation, when it holds the initial geometry, in general ( Fig. 2a) . At a definite strain (ε ~ 1.5%, Fig. 3 ), the transition occurs (Fig. 2b ) from the formation of multiple shear bands to the deformation concentration in a dominant band (second deformation stage, Fig. 2c and Fig. 4) , which leads to a decrease in the flow stress ( Fig. 3) and to an increase in the stress relaxation (Δσ) for one load rejection act upon moving the shear band. In certain BMGs, the macroscopically uniform strain (with an approximately constant true deformation stress) can reach 5% [34] . The formation of shear deformation bands [35, 36] leads to the formation of steps on the lateral sample surface, which is shown in Fig. 4 . Depending on loading conditions, local heating in shear bands can occur [37, 38] . When the shear is caused by the relaxation of the sample local energy, a considerable increase in temperature can appear due to the localized flow. Local heating in shear bands-depending on temperature, stress, and strain rate-can stimulate the passage from the nonuniform sample strain under a load to the uniform flow [35, 40] . Nevertheless, there are grounds to assume that the sample considerably heats only in concentration places of shear bands, notably, close to microcracks or near the fracture surface [39] . In addition, it is of interest to investigate the influence of the sample size, leading to brittle fracture at its large magnitudes [41] .
A pattern characteristic of metallic glasses of the type of the "venous network," which is generated by the surface instability when air penetrates into the liquid layer, is observed on the fracture surface of the samples (Fig. 5 [42] ), which means the local material melting on the fracture surface [43] . However, such a pattern appears only in places where the crack-propagation rate is sufficiently high [44] .
The Pd 40 Ni 40 Si 5 P 15 BMG sample, which was cut from a small part of a pyramidal ingot, where the cooling rate was higher, showed the much higher plasticity with the strain of 27% compared with 2.5% for the sample formed from the larger ingot part [45] . The cooling rate in the sample of 1 and 5 mm in diameter differs for several times, which implies a larger difference in the structure of a glassy phase [46] . The latter manifests itself in an increased enthalpy of relaxation of a small sample before attaining the vitrification temperature (T g ) upon heating. The role of the molar volume in the brittleness of glassy samples was also discussed in [9, 47] . We should also keep in mind that the BMG plasticity depends not only on the absolute sample size, but also on the geometric ratio of the width (or diameter) to the height [48, 49] , which affects the formation of shear bands and deformation processes [50, 51] . The samples with the height-to-diameter ratio ≤1 show high plasticity [52] because of the influence of machine puncheons on the plastic deformation process.
The fracture toughness of the BMG sample with the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 composition and a size of 7 mm with the introduction of fatigue cracks equals K 1c = 55 MPa [53] , while heat treatment leads to partial or complete crystallization and a 50-fold decrease in K 1c to 1.21 and 1.04 MPa respectively. According to other publications, fracture toughness of Zr-Ti-Ni-Cu-Be samples with the cut upon the introduction of fatigue cracks was considerably lower, being 18.4 ± 1.4 MPa [54] . This fact indicates the high BMG sensitivity to microscopic defects and stress concentrators. Nevertheless, fatigue characteristics of zirconium-based BMG alloys are comparable with those of high-strength crystalline alloys [55, 56] .
Negative values of the strain-rate sensitivity factor (SRSF) were found for the most of BMGs [57, 58] in uniaxial compression. This fact is probably explained by the circumstance that the amount of deformationgenerated excess volume [59] increases with an increase in its rate until it becomes so high that the relaxation time becomes insufficient in order to correspondingly increase the flow stress. The positive SRSF, which is found for nanoindentation, can be associated with the stressed state type [60] , which is closer to the triaxial compression in hardness tests. [61] ; however, it becomes insensitive to the deformation rate when impressing the indenter [62] .
Nevertheless, metallic glasses are deformed more uniformly at a nanolevel. Tension studies of the samples with the help of the transmission electron microscope (TEM) performed in situ showed that in contrast to BMGs of the Zr-Ni-Cu-Al-Pd and Zr-Ni-Al-Pd systems [63] , in which the dynamic nanocrystallization was observed via the formation of nanodimensional cubic phase particles in the shear bands, Zr 65 Ni 10 Cu 5 Al 7.5 Pd 12.5 glassy samples showed no traces of nanocrystallization irrespective of the presence or absence of electron irradiation during deformation [64] . In addition, the localized deformation regions in the samples tested in the TEM column do not resemble classic shear bands (Fig. 6 ): they are considerably wider compared with the high-localized deformation bands in bulk glasses [65] .
Similar results were found when deforming the samples of a Zr 52.5 Cu 17.9 Al 10 Ni 14.6 Ti 5 alloy (about 200 nm thick) [66] , which were prepared by thinning with a focused ion beam, as well as for submicron columns of the Pd 77 Si 23 glassy alloy [67] .
According to recent thermal calculations, energy evolution in the shear band and, correspondingly, an increase in the sample temperature depend on the deformation rate and shear magnitude (δ) in addition to the thermal conductivity of the glassy phase [68] [69] [70] [71] . However, no considerable heating occurs in the localized deformation region, localized deformation regions in ribbon samples tested in situ while the deformation heat is scattered in the sample bulk.
In recent times, a series of experimental and computational studies showed that the internal structure of metallic glasses plays the key role in determining their mechanical characteristics. It was, for example, noted that various treatment histories of bulk metallic glassy alloys (annealing modes and cooling rates) lead to the variation in the chemical and topological atomic orders and, consequently, to the variation in mechanical properties [72] [73] [74] . Such structural variations were explained from the viewpoint of a free volume and configurational potential energy [75, 76] . Computer modeling showed that the variations in the cooling rate of the Cu-Zr alloy were accompanied by the variation in the fraction of icosahedral clusters and their influence on plasticity [77] .
It was also noted that, while the bulk modulus of elasticity (B) is independent of structural transformations, the shear modulus (G) and, consequently, the Poisson ratio (ν), or the G/B ratio, depend on the history of alloy formation and treatment (for example, on the cooling rate). Incidentally, the addition of the element increasing ν determines the formation of potentially plastic BMG [78] . The variation in the composi- tion of the Zr 63 -x Cu 24 Al x Ni 10 Co 3 BMG, which leads to corresponding changes in the modulus of elasticity, explains the variations in mechanical properties from the viewpoint of internal structural variations [77] , which can be very considerable [79] . The influence of a low aluminum concentration on elastic and plastic properties of the BMG of the Zr 63 -x Cu 24 Al x Ni 10 Co 3 composition showed a noticeable increase in values of plastic deformation in the case of alloys with an increased Poisson ratio.
When the spatially uniform variation in temperature occurs in a sample having more than one phase in its composition or in a polycrystalline sample of a noncubic phase (with strong anisotropy of thermal expansion-compression), then the deformation is nonuniform. Thermal cycling at the cryogenic temperature causes the "rejuvenation" of metallic glasses [80] while attaining a state with increased energy, which leads to the rise of their plasticity. This fact is explained by the internal nonuniformity of the glass structure [81] , which assumes the nonuniform value of the thermal-expansion coefficient.
MECHANICAL PROPERTIES OF BMGS AT THE CRYOGENIC TEMPERATURE
The samples of the Zr-Ni-Cu-Al BMG tested at a temperature close to 77 K-the boiling point of liquid nitrogen (LN 2 ), usually show the higher compression strength compared with the sample studied at room temperature [82] . In this case, no stress relaxation is observed in the deformation curve during testing at cryogenic temperatures. The stress-strain curve for the Zr 64.13 Ni 10.12 Cu 15.75 Al 10 BMG at a temperature close to the LN 2 boiling point is shown in Fig. 7a .
The sample tested in LN 2 showed the higher compression strength compared with the BMG studied at room temperature. In both cases, plasticity differs from sample to sample. The fracture of bulk metallic glasses is also very sensitive to macroscopic defects at room temperature [83] , which explains the large spread in values of plasticity. In addition, the samples showed the formation of localized shear deformation bands at the cryogenic temperature (Fig. 7b) . If the stress-strain curves at room temperature (Fig. 3) show regular stress drops, which are characteristic of many BMGs [84] , then the notches in the curve to not appear during testing at cryogenic temperatures (at least in sensitivity limits of the used experimental equipment). The absence or presence of load jumps in the deformation curve is explained by the ratio of competing processes, notably, shear shifts in the sample due to the formation and propagation of excess volume zones in slip bands and diffusion reconstructions of the distorted structure both inside these bands and on their front. These processes are retarded with a decrease in temperature, which leads to a disappearance of jumps in deformation curves.
METHODS OF INCREASING MECHANICAL PROPERTIES
The microhardness of rods made of the Zr 60+x Cu 25-x Fe 5 Al 10 alloy (x = 0, 2.5, 5, 7.5, 10) 2 mm in diameter decreases linearly in a cast state from 480 to 435 HV with an increase in the Zr concentration from 60 to 67.5 at % [34] . This fact means that an increase in the Zr content, especially with the transition into the region of hypoeutectic composition, leads to the formation of a softer glassy phase. The plasticity (ε f ) increases with an increase in the Zr content to a definite limit, while the yield stress and flow stress decrease. This approach makes it possible to form BMGs demonstrating tension plasticity in thin samples at sufficiently high deformation rates [85, 86] . Certain multicomponent BMGs also showed an improvement in plasticity [87] .
Treatment of the Pd 40 Ni 40 Si 4 P 16 BMG with flux (B 2 O 3 ) increases not only its glass-forming ability, but also the plasticity [88] . Untreated cast samples show the strain about 3% (by the data of three measurements); on the contrary, after treatment, this characteristic becomes on the order of 52%. One probable explanation is the influence of oxide inclusions, which can serve both the heterogeneous nucleation centers of Porous BMGs are very promising for definite applications owing to their low density, increased plasticity, and decreased modulus of normal elasticity [89, 90] . For example, Pd 42.5 Cu 30 Ni 7.5 P 20 alloys with porosity P = 3.7 vol % have σ 0.2 = 1520 MPa and ε f = 18%. The observed values of plasticity significantly exceed those for the monolithic bulk sample of the pore-free glassy alloy, which fractured immediately after reaching the limit of elasticity. The Pd 42.5 Cu 30 Ni 7.5 P 20 alloys with P > 40 vol % are not destructed during compression testing, although the flow stress is lower than 1000 MPa.
The formation of nanocrystals upon the deformation of the Ti 44.1 Zr 9.8 Pd 9.8 Cu 30.38 Sn 3.92 Nb 2 BMG 3 mm in diameter was observed in TEM, as is shown in Fig. 8  [91] . In-situ nanocrystallization promotes plasticity.
In addition to the possible local increase in temperature during deformation, crystallization in the shear band is caused by an extremely high concentration of the excess volume. This phenomenon leads to a considerable increase in diffusivity and decrease in the activation energy of crystallization [92] . Nevertheless, the formation of the cF4 phase 5-7 nm in size in the Ni 50 Pd 30 P 20 BMG was found only near the crack, while no nanocrystallization was observed in the deformation bands.
Crystallization of BMGs is the method of producing two-phase materials [93] . Crystals act as strong barriers for the propagation of shear deformation bands promoting their branching and the formation of several groups of shear bands, thereby increasing plasticity and preventing premature brittle fracture. The Ni 40 Cu 10 Ti 33 Zr 17 alloy formed by casting into the copper mold has an excellent combination of strength and plasticity not only due to the effect from the two-phase structure (metallic glass and cP2 austenite phases), but also owing to the deformation-induced martensitic transformation (cP2 → mP4) [94] . A high ultimate strength of 2000 MPa is combined with the increased plasticity (up to 15%) in compression. Recently, numerous similar multicomponent alloys with good mechanical properties were developed based on this system [95, 96] .
Two-phase compositions of the BMG-crystal type do not manifest serrations, but show a uniform flow even at room temperature (Fig. 9) , although the localized shear bands are also formed in these materials.
The Cu-Zr-Al-Co [97, 98] and Cu-Zr-Al [99] alloys show deformation hardening due to the martensite transformation during deformation. The most successful results are attained for Zr-based alloys containing beryllium-an element with low processability (it can form toxic oxide), which hampers the formation of intermetallic compounds and determines the formation of the boundary solid solution in a dendritic form [100] . These alloys showed high tension plasticity.
MECHANICAL PROPERTIES AND DEFORMATION DURING HEATING
Being heated above the vitrification temperature (T g ) but below the crystallization temperature (T x ), Bulk metallic glasses can be subjected to thermomechanical treatment or welding [101] in the supercooled liquid state. They manifest superplasticity [102] (good fluidity in the supercooled liquid state with the elongation to thousands of percents), including those at a high deformation rate. Herewith, subsequent cooling returns the BMG amorphous structure. The thermoplastic formation of imprints of microsized and nanosized high-quality reliefs is easily performed on the surface of the Pd 40 Ni 40 Si 4 P 16 BMG owing to the high thermal stability of this glassy alloy and low viscosity of the supercooled liquid upon heating above T g [103] .
Plane silicon wafers (R q = 1 nm) were impressed into the sample in a temperature range of supercooled liquid. The incubation period for the nucleation and growth of crystalline colonies at T = 643 K, which was determined by isothermal calorimetry curves, reaches 40 min, which is sufficiently long to successfully finish forming. Using low viscosity of supercooled liquid (relative to glass) and its favorable properties of the wetting type, various structures were formed on the surface of the Pd 40 Ni 40 Si 4 P 16 BMG (Fig. 10) .
CORROSION PROPERTIES
One important advantage of BMGs is their high corrosion resistance, including passivation in certain solutions [104] . The main cause of this phenomenon is the presence of a single-phase structure and absence of specific crystal lattice defects such as dislocations and grain boundaries. For example, the [105] . It will be mentioned below that the high corrosion resistance makes it possible to apply BMGs as biomaterials.
MAGNETIC PROPERTIES
Magnetic properties, although being the part of physical properties, are separated into a special section in view of their importance for practical application. Iron-based and cobalt-based alloys are excellent magnetically soft materials (Table 2 and Fig. 11 ) with an exclusively low coercive force (or coercive field) (H c ), sufficiently high saturation magnetization (of saturation magnetic induction) (B s ), and permeability. In addition, low electric current conductivity decreases thermal losses for the Foucault [106] .
APPLICATION
Bulk metallic glasses have important application regions in connection with high mechanical properties [114, 115] and good casting characteristics and fluidity in the supercooled liquid region (and even in a twophase amorphous-crystalline state before crystallization of a large volume [116] ). These materials are already used to fabricate sport goods, watches, shields of electromagnetic waves, optical devices, moving parts of micromachines, pressure sensors, the Coriolis flow meters [117] , medicine tools, bioimplants (especially in the case of nanostructured metallic glasses [118] ), biodecomposable implants [119, 120] , etc. In addition, they can be used as wear-resistant and corrosion-resistant coatings [121] . The main application field of BMGs in transformers, especially at a high frequency, is associated with their excellent magnetic properties.
BMG alloys exhibit high solubility of hydrogen (for example, palladium-based alloys) and, being saturated with it, show considerable resistance to embrittlement. They turned out promising for application in separators for fuel elements owing to the good penetration ability of hydrogen through membranes by Zr-Hf-Ni [122] and Ni-Nb-Zr [123] alloys.
Powders of Mg-based and Fe-based metallic glasses manifest excellent efficiency in the decomposition reaction of azo dyes compared with iron-based powders, their crystalline analogs, and crystalline magnesium [124, 125] . Thin amorphous oxides on the BMG surface can be used to fabricate electronic devices [126] , while Fe-Cr-Zr BMG thin films have optical transmittance up to 0.9 with the conservation of electrical conductivity and ferromagnetism [127] .
Small balls of iron-based metallic glasses have high mechanical properties such as Vickers hardness (900 HV), breaking strength (3000 MPa), and elastic deformation (2%), which, in combination with high corrosion resistance and a smooth outer surface, make them an efficient tool for hardening various materials subjected to sandblasting.
CONCLUSIONS
In this article we present a review of publications on bulk metallic glasses with a description of their various properties. These unusual materials have a large potential for application in various branches of technology as high-strength, wear-resistant, and corrosion-resistant materials. They are of great interest for studying their unusual properties and structure. Twophase materials of the glass-crystal type are very promising for practical application as high-strength construction materials in fields where their relatively high cost is not of great importance.
We should not expect that BMG and two-phase materials, even with the reduction in cost of compositions, will replace construction steels or aluminum alloys in building and heavy engineering; however, they already find increasingly broad application in definite fields of human activity, exceeding competing materials by many characteristics. In addition, they can lead to the discovery of revolutionary technologies, potentially forcing out traditional treatment methods of metals for innovative fields of application. ACKNOWLEDGMENTS This study was supported by the Ministry of Education and Science of the Russian Federation in the scope of the program of increasing the competitiveness of National University of Science and Technology "MISiS", contract nos. K2-2014-013 and K2-2015-075. 
